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ABSTRACT
We present results from a 2-epoch HST Hα emission line survey of the Andromeda Galaxy that overlaps the
footprint of the Panchromatic Hubble Andromeda Treasury (PHAT) survey. We find 552 (542) classical Be
stars and 8429 (8556) normal B-type stars in epoch # 1 (epoch # 2), yielding an overall fractional Be content
of 6.15% ±0.26% (5.96% ±0.25%). The fractional Be content decreased with spectral sub-type from ∼23.6%
±2.0% (∼23.9% ±2.0%) for B0-type stars to ∼3.1% ±0.34% (∼3.4% ±0.35%) for B8-type stars in epoch #
1 (epoch # 2). We observe a clear population of cluster Be stars at early fractional main sequence lifetimes,
indicating that a subset of Be stars emerge onto the ZAMS as rapid rotators. Be stars are 2.8x rarer in M31 for
the earliest sub-types compared to the SMC, confirming that the fractional Be content decreases in significantly
more metal rich environments (like the Milky Way and M31). However, M31 does not follow a clear trend of
Be fraction decreasing with metallicity compared to the Milky Way, which may reflect that the Be phenomenon
is enhanced with evolutionary age. The rate of disk-loss or disk-regeneration episodes we observe, 22% ± 2%
yr−1, is similar to that observed for seven other Galactic clusters reported in the literature, assuming these latter
transient fractions scale by a linear rate. The similar number of disk-loss events (57) as disk-renewal events
(43) was unexpected since disk dissipation time-scales can be ∼2x the typical time-scales for disk build-up
phases.
1. INTRODUCTION
Classical B-type emission line (Be) stars are non-supergiant
stars whose spectrum exhibit or have exhibited Hα emis-
sion lines (Jaschek et al. 1981a), interpreted as arising from
an optically-thin gaseous circumstellar disk (Struve 1931).
A defining property of classical Be stars is their rapid rota-
tion rate, which is estimated to be upwards of 75 percent of
the critical rotation rate (Porter & Rivinius 2003; Rivinius
et al. 2013). The velocity structure of gas in these disks
is consistent with Keplerian motion (Hummel & Vrancken
2000; Meilland et al. 2007; Wheelwright et al. 2012) and
their behavior is well explained by the viscous decretion disk
paradigm of Lee et al. (1991).
A long-standing challenge in the study of classical Be stars
has been identifying the mechanism(s) responsible for launch-
ing material from the stellar photosphere, while remaining
consistent with both the observed velocity structure and the
ability of systems to switch between periods in which they
exhibit a disk and quiescent periods where all evidence for
the presence of a disk disappears. As summarized in Riv-
inius et al. (2013), non-radial pulsations have been observed
for a growing number of Be stars (e.g. Neiner et al. 2002;
Rivinius et al. 2003; Baade et al. 2016a; Labadie-Bartz et al.
2017), and could be one mechanism that contributes to the
ejection of material into Be disks. Baade et al. (2016b, 2018)
have suggested that so-called “Stefl” frequency of variations
might trace star-to-disk mass transfer. Internal gravitational
wave pulsation modes might also help transport angular mo-
mentum from the core to stellar surface (Rogers et al. 2013);
Neiner et al. (2012) has shown that stochastically driven g-
modes might operate in a subset of Be stars, in addition to
the more commonly observed Kappa driven p- and g-modes.
The role of magnetic fields has been considered (Cassinelli
et al. 2002; Ud-Doula et al. 2008) but observational studies
have failed to find evidence of large-scale fields in classical Be
stars, despite their observed presence around non-Be B-type
stars (Wade et al. 2014). Recent theoretical magnetohydro-
dynamical simulations of Be disks have corroborated this by
showing that field strengths of only 10G can disrupt Keplerian
circumstellar disks (ud-Doula et al. 2018).
Modern stellar evolution models that account for the role
of rotation have demonstrated how the metallicity of stars can
affect the internal evolution of their angular momentum on the
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2main sequence (Maeder & Meynet 2000b, 2001). It is there-
fore perhaps not surprising that observations of massive stars
in the Galaxy, LMC, and SMC have shown that the preva-
lence of classical Be star-disk systems, which are character-
ized by their rapid rotation, increases with decreasing metal-
licity (Grebel et al. 1992; Maeder et al. 1999; McSwain &
Gies 2005b; Wisniewski & Bjorkman 2006; Martayan et al.
2006, 2010; Iqbal & Keller 2013a). If the fractional increase
in the presence of Be stars with decreasing metallicity is in-
deed caused by stars in low metallicity environments hav-
ing higher stellar rotational velocities (Martayan et al. 2007b;
Maeder & Meynet 2000b, 2001), then one would predict that
the prevalence of the Be phenomenon in M31, which is on
average 1.5x Solar metallicity (Clayton et al. 2015), would be
even less common than in our Galaxy.
Numerous observational and theoretical studies have ex-
plored the role that evolutionary age plays in the Be phe-
nomenon. Stellar evolution models that incorporate the ef-
fects of rotation predict that mass loss can dramatically re-
duce Ω/Ωcrit throughout the main sequence evolution of O-
and early B-type stars in Galactic-metallicity environments
(Meynet & Maeder 2000), but Ω/Ωcrit can increase, especially
near the TAMS, in lower metallicity environments like the
SMC (Maeder & Meynet 2001). Given the critical role of
rapid rotation in Be disk formation, theory thus suggests that
in addition to metallicity, evolutionary age could also play an
important role in Be disk formation.
Observationally, it is clear that at least some classical Be
stars must emerge on the ZAMS at near critical rotation rates
(e.g. Wisniewski et al. 2007). Moreover, other studies have
suggested that disk formation preferrentially happens in the
second-half of a star’s main sequence lifetime (Fabregat &
Torrejón 2000; Martayan et al. 2010), due to internal evolu-
tion of a star’s angular momentum (Meynet & Maeder 2000;
Maeder & Meynet 2001) and/or spin-up by companions (Mc-
Swain & Gies 2005b). Further observations that trace the fre-
quency of the Be phenomenon with main sequence lifetime,
stellar mass, and metallicity are needed to discern what drives
changes in the internal rotational behavior of B-type stars and
whether the effects of metallicity and age can be disentangled.
In this paper, we present the first deep, wide-area, space-
based Hα emission line survey of a portion of M31 that over-
laps with the HST-PHAT survey. We focus our analysis on
the classical Be star population in M31. We describe the ac-
quisition and reduction of the data in Section 2. We outline
our method of identifying classical Be stars in our sample,
present the fractional Be content of our sample as a func-
tion of spectral type, and detail differences observed in our
Be disk population between our two epochs of observations
in Section 3. Finally, we then discuss the implications of the
multi-epoch behavior of our data, the dependence of the Be
phenomenon on age and metallicity, and the frequency of the
Be phenomenon with spectral type in Section 4.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Observational Design
We observed M31 with the Hubble Space Telescope (HST)
in the 12-orbit GO-13857 program (Dalcanton PI). Pure-
parallel observations were made with the ACS/WFC and
WFC3/UVIS camera at three distinct spatial locations that co-
incided with regions of the galaxy previously observed via
the HST/PHAT survey (Dalcanton et al. 2012a), yielding 6
distinct pointings across M31 (Figure 1). We obtained a sec-
ond epoch of observations of these same 6 pointings approx-
imately 1 year later, when HST was able to achieve the same
view of these pure-parallel pointings. Observations were
made in both cameras using the F658N narrow-band filters
and using the F625W broad-band filter. A summary of our
basic observational design is provided in Table 1. As dis-
cussed and explained in Section 3.3, although we present the
emission line sample derived from both the ACS/WFC and
WFC3/UVIS data, we restrict our Be star statistical analysis
to the ACS/WFC data to avoid biasing our results due to the
slightly different central wavelengths of the F658N filter be-
tween the two cameras.
Figure 1. The footprint of our HST emission line survey point-
ings of M31 are depicted in red, and labeled by pointing num-
ber compiled in Table 1. Also shown here in yellow is the
overlay of the full PHAT survey (Dalcanton et al. 2012a).
2.2. Data Reduction
We utilized the same methodology and pipeline for ex-
tracting photometry from our data as used in the PHAT sur-
vey, as described in Dalcanton et al. (2012a) and Williams
et al. (2014). In brief, the images from each epoch of ob-
serving (2014 and 2015) for each of the six fields were
separately processed through our Cloud-based photometry
pipeline (Williams et al. 2018), which uses the DOLPHOT
photometry package (Dolphin 2000) to force a fit of the pre-
computed point spread function on every resolved star in the
image stack of greater than 2.5-σ significance above the ex-
pected background level. The photometry from these stars
was then aligned and matched to the full 117 million source
catalog from the full PHAT survey as presented in Williams
3Table 1. Summary of HST Observations
Epoch # Pointing Date of Obs Camera Coordinates F625W Expos Time F658N Expos Time
· · · · · · · · · · · · · · · sec. sec.
1 1 2014 Oct 28 WFC3 00:45:23.38, +41:46:12.5 750 3850
2 1 2015 Oct 5 WFC3 00:45:23.38, +41:46:12.5 750 3850
1 2 2014 Oct 1 WFC3 00:44:31.02, +41:52:08.5 750 3850
2 2 2015 Aug 29 WFC3 00:44:31.02, +41:52:08.5 750 3850
1 3 2014 Sep 30 WFC3 00:44:18.05, +41:20:53.7 750 3850
2 3 2015 Sep 25 WFC3 00:44:18.05, +41:20:53.7 750 3850
1 4 2014 Oct 28 ACS/WFC 00:45:38.48, +41:51:27.3 750 3850
2 4 2015 Oct 5 ACS/WFC 00:45:38.49, +41:51:27.3 750 3850
1 5 2014 Oct 1 ACS/WFC 00:45:00.29, +41:54:32.6 750 3850
2 5 2015 Aug 29 ACS/WFC 00:45:00.29, +41:54:32.6 750 3850
1 6 2014 Sep 30 ACS/WFC 00:44:40.57, +41:25:05.3 750 3850
2 6 2015 Sep 25 ACS/WFC 00:44:40.57, +41:25:05.3 750 3850
NOTE—Summary of HST observations of M31 from GO-13857.
et al. (2014) to allow us to compare the stars’ narrow band
properties to their 6-band spectral energy distributions. Over-
all, the photometric reductions were of comparable quality to
those of the PHAT survey, except that we found a system-
atic uncertainty between epochs. Our analysis showed that
our broadband exposures covered a short enough portion of
the orbit that the thermal expansion and contraction of the
optics caused a significant offset between the orbit-averaged
PSF used by DOLPHOT and that of the F625W images across
epochs, which introduced a systematic error that we further
discuss in Appendix A.
Next, our source catalog was enhanced by adding the output
of the Bayesian Extinction And Stellar Tool (BEAST; Gordon
et al. 2016a) on the PHAT catalog data, which added Te f f , log
g, and age information for each source. Gordon et al. (2016a)
developed the BEAST to model the observed broad spectral
energy distribution (SED) of an individual star by consider-
ing the full observational uncertainties. The BEAST primarily
returns the posterior probability distributions for the intrin-
sic stellar properties of individual stars (e.g., stellar temper-
ature, age, surface gravity) and their line of sight dust infor-
mation (dust column density, grain size distribution, composi-
tion). The BEAST has been successfully used for many multi-
band HST programs such as PHAT (PI: Dalcanton), SMIDGE
(PI: Sandstrom), METAL (PI: Roman-Duval), and the Local
Volume UV survey (PI: Gilbert). Specifically, Gordon et al.
(2016a) ran the BEAST for all PHAT stars that were detected
in F475W and at least 3 more bands (among F225W, F336W,
F814W, F110W, F160W) with resolutions of 0.15 in log age,
0.15 in Av, 0.25 in fA and Z=0.004, 0.008, 0.019, and 0.03.
For this study, we cross match this PHAT-BEAST catalog with
our classical Be star candidates, and use the BEAST measure-
ments to better categorize and understand Be stars in M31.
Finally, we corrected our data for focus-induced offsets, as
described in Appendix A.
3. ANALYSIS
3.1. Defining the Sample
The initial reduced data set contained approximately two
million stars in each epoch (Figure 2). As this paper focuses
solely on the analysis of the classical Be population of the
survey, we applied several criteria to isolate the population
of main sequence B-type stars with high quality data from
the larger survey database. Our basic process was to utilize
the value-added nature of BEAST-derived fundamental stellar
parameters to isolate the population of main sequence B-type
stars in our sample, and then use traditional color magnitude
diagrams (CMDs) to confirm the robustness of these inferred
stellar parameters.
We began our sample definition by requiring sources in the
new observations to have a signal-to-noise ratio (SNR) of>10
in the F475W, F625W, F658N, and F814W filters, which
are the primary filters that we used in our subsequent anal-
ysis. Next, we required sources have BEAST-derived 50th-
percentile effective temperatures that resided within the range
expected for B-type stars, 4.00 < Log(Te f f ) < 4.51 (Un-
derhill et al. 1979). We also required that sources have a
BEAST-derived 50th-percentile surface gravity, inclusive of
+1σerr computed from the 84th-percentile surface gravity, of
Log(g)> 3.75, to isolate main sequence stars and exclude gi-
ants and supergiants (Castelli & Kurucz 2004).
We inspected the distribution of these selected B-star can-
didates on CMDs, to determine whether uncertainties asso-
ciated with BEAST-derived stellar parameters were introduc-
ing large populations of likely false-positive B-type main se-
quence stars. We found that adopting a more conservative
surface gravity criteria (Log(g)16 > 3.75, where Log(g)16 is
the 16th percentile of the Log(g) posterior probability distri-
bution) led to a 4x reduction in the number of sources, but
these extra sources that were removed occupied the same re-
gion on the CMD as our higher confidence main sequence
B stars. As such, we adopted our less conservative criteria
(Log(g)84 > 3.75), which had the net effect of being most
effective at excluding only the supergiants from our sample
while retaining the main sequence stars. Based on these in-
spections, we included additional criteria to reject sources
having (F475W−F814W) < 0, which were likely planetary
4nebulae (see e.g. Veyette et al. 2014), and also rejected ob-
jects having (F475W−F814W) > 1.5, as these sources had
BEAST-derived Log(g) values near 3.75 and were clearly iso-
lated from the bulk population with larger Log(g) values, in-
dicating they were likely post-main-sequence giants. Finally,
we excluded a small number of sources in our catalog that
were assigned the same RA/Dec coordinates by our matching
routine between filters, due to source confusion between dif-
ferent survey tiles. The final dataset for pointings 4-6 match-
ing the aforementioned criteria contained 8,981 stars in epoch
one and 9,098 in epoch two, and their CMD positions are plot-
ted in Figure 3.
Figure 2. A color magnitude diagram of all ∼2 million point
sources detected via our program, without excluding any
sources based on their intrinsic properties or observed errors.
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Figure 3. A color magnitude diagram of all point sources that
remained after the application of the data quality criteria.
3.2. Identifying Be stars
Classical Be stars by definition are stars that exhibit or
have exhibited Hα emission, which is interpreted as originat-
ing from their circumstellar gas disks (Jaschek et al. 1981b).
As such, one technique commonly used to identify classical
Be stars is the use of photometric 2-color diagrams (2-CDs)
that utilize a narrow-band filter centered on Hα and an as-
sociated filter that samples the nearby continuum region (see
e.g. Grebel et al. 1992; Keller et al. 1999; McSwain & Gies
2005a,b; Wisniewski & Bjorkman 2006). We discuss some
of the limitations of this diagnostic in more detail in Sec-
tion 3.2.1. We adopt a similar diagnostic approach here, us-
ing new data in the F625W and F658N HST filters from our
GO-13857 program to diagnose the presence of emission or
absorption in Hα, along with archival data in the F475W and
F814W HST filters from the PHAT survey (Williams et al.
2014).
We first computed synthetic photometry through the known
properties of HST’s optics and cameras for normal B-type
main sequence stars spanning a range of B sub-types in the
F625W and F658N filters. We began by using pysynphot
(STScI Development Team 2013) and the Castelli-Kurucz At-
las (Castelli & Kurucz 2004) to create synthetic stellar spectra
for five sub-types B0, B1, B3, B5, and B8, adopting the stellar
parameters listed in Table 2, based on average values for each
sub-type compiled in Underhill et al. (1979). These spectra
were created using pysynphot’s Icat function, which in-
terpolates between the discrete models in the Castelli-Kurucz
atlas. We adopted a color excess of E(B−V) = 0.4, appropriate
for moderately reddened stars in M31 (Clayton et al. 2015),
along with Rv = 3.1. This adopted color excess is consistent
with the average E(B−V) values computed for our sample of
M31 B-type stars via the BEAST (Gordon et al. 2016b). We
note that the adoption of a color excess appropriate for mod-
erately reddened stars will lead to a more stringent color crite-
rion for the identification of Be stars in our data, such that our
Be star rates will be a lower limit. We used the Extinction
function to apply reddening to our spectra, yielding photo-
spheric Hα absorption line profiles that are representative of
main sequence B-type stars (or classical Be stars when they
are in a “disk-less” state). We compile the equivalent widths
of these Hα absorption lines in Table 2.
The amount of Hα emission that a classical Be star exhibits
is to first order representative of the amount of disk material
present within the stellocentric distances probed by Hα (Riv-
inius et al. 2013) at any epoch. We next used the absorption
spectra we created in the previous step to create emission-line
spectra, representative of a classical Be star with an arbitrarily
strong disk (e.g. having Hα EWs as compiled in Table 2, al-
beit in emission), and spectra whose photospheric absorption
is merely filled in with emission, representative of a classical
Be star with a more tenuous disk (e.g. having Hα EWs of
0). We fit a Guassian to the Hα line using curve_fit from
scipy.optimize, and then used this expression to create
profiles with filled-in photospheric absorption and pure emis-
sion signatures. Finally, we computed the synthetic magni-
tudes in the F625W and F658N filters for the ACS and WFC3
cameras for these spectra for each B sub-type to allow us to
deduce which of the B-type stars in our sample were plausibly
classical Be stars.
Our identification of classical Be stars were made using 2-
5Table 2. Synthetic Spectra Properties
Spectral Type Temperature Log(Gravity) Log(Metallicity) Hα EW (Å)
B0V 30000 3.90 -1.7 2.83
B1V 25400 3.90 -1.7 3.52
B3V 18700 3.94 -1.7 4.67
B5V 15400 4.04 -1.7 5.71
B8V 11900 4.04 -1.7 7.52
NOTE—Synthetic spectra parameters were obtained from the recommended values in the Castelli-Kurucz Atlas; the metallicity adopted was
1.5x solar, as taken from Clayton et al. (2015).
color diagrams (2-CDs) developed for each of our spectral
sub-types (e.g. Figures 4, 5, 6, 7, and 8) set by the 50th-
percentile Te f f reported by the BEAST. The boundaries of
different spectral sub-type assignments are simply the mid-
point Te f f between sub-types listed in Table 2. Because the
Te f f values are inferred from broadband photometric obser-
vations by the BEAST, we expect our spectroscopic sub-type
assignments could differ by 1-2 sub-types. However, because
we bin the spectroscopic classifications in Section 3.3, minor
mis-classifications do not impact our overall results. We also
explored effects of including 1σerr in our 50th-percentile Te f f
source catalog cuts, and found that this only changed our final
fractional Be ratios ±1%.
The dotted lines in each 2-CD demarcate the expected val-
ues for pure photospheric absorption (black), filled-in absorp-
tion (blue), and pure emission (red) profiles from our syn-
thetic spectra. We adopted conservative limits for identifying
sources as classical Be stars, requiring their (F625W−F658N)
colors to be redder than the photospheric absorption level (e.g.
[(F625W−F658N)−3
√
(F625Werr)2 + (F658Nerr)2] > pho-
tospheric levels). Stated differently, we conservatively define
normal B-type stars without circumstellar disks as being ei-
ther (1) located below the dotted black line or (2) include the
black line within their 3σ error interval in Figures 4 - 8. Such
normal B-type stars are depicted by black circles in these fig-
ures.
We further broke down the Be population into two cate-
gories; stars whose 3σ error interval extended blueward of
the pure emission cutoff (potentially weaker disk systems, de-
picted by blue triangles) and stars whose 3σ error interval
denoted it unambiguously as a strong disk system (depicted
by red triangles). We were unable to identify any correla-
tions between the amplitude of (F625W-F658N) excess and
(F475-F814W) colors, indicating that the presence of red op-
tical continuum excesses (Rivinius et al. 2013) did not bias
us against detecting the strongest disk systems based on our
selection criteria.
3.2.1. Limitations of the 2-CD Technique
It is well established that 2-CDs can identify other astro-
physical sources that emit at Hα besides classical Be stars,
such as supergiants, B[e] stars, and Herbig Be stars. The level
of this contamination is expected to be lower when the diag-
nostic is used in cluster populations (see e.g. Wisniewski &
Bjorkman 2006 and references therein). Moreover, for our
survey, as discussed in Section 3.1, we were able to use the
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Figure 4. A representative 2-CD for our B0V spectral type
sources, from epoch 1, pointing 5. We classify objects as clas-
sical Be stars if their (F625W−F658N) colors, including 3σ
errors, are redder than the photospheric absorption level. The
horizontal dashed lines in these figures depict the colors ex-
pected for pure Hα photospheric absorption (black), filled-in
absorption (blue), and pure Hα emission profiles as computed
from our models. Note that the plotted error bars are 3σ er-
rors.
value-added characterization of the fundamental stellar prop-
erties of our dataset via the BEAST to exclude sources that had
surface gravities that indicated they were not main sequence
stars. As such, our 2-CDs should be cleaner from contami-
nants than other purely photometric investigations.
It is also prudent to consider the limitations of our 2-CD
diagnostic given the wealth of Hα emission line profile mor-
phologies and variability that classical Be stars have been
shown to exhibit. We explored these limitations both using
published literature and compiled spectra of Be stars from the
Be Star Spectra (BeSS) database (Neiner et al. 2011). The
ACS/WFC F658N filter has a central wavelength of 6584
Å, a FWHM of 87.5 Å, and >1% throughput across ∼130
Å (ACS Instrument Handbook v19.0). As such, this filter is
sufficiently broad to capture the full range of Hα line profile
morphologies for each spectral sub-type of classical Be star.
One can readily compare our (F625W-F658N) color se-
lection criteria for Be stars against the range of Hα emission
line strengths that classical Be stars exhibit, as these crite-
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Figure 5. A representative 2-CD for our B1V spectral type
sources, from 1 epoch of a pointing. The description of the
data presentation is the same as in Figure 4.
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Figure 6. A representative 2-CD for our B3V spectral type
sources, from 1 epoch of a pointing. The description of the
data presentation is the same as in Figure 4.
ria are based on the photospheric absorption EWs of each
B sub-type (Table 2). To aid in this process, we show ref-
erence (F625W-F658N) colors for filled-in absorption (Hα
EW = 0) and moderate emission strengths (| EWemission | =
| EWabsorption |) in Figures 4 - 8. We have confirmed that the
Hα EW of emission line profiles from moderately-sized stable
and stochasically variable Be disks are typically well in excess
the red dashed line in Figures 4 - 8 (e.g. have emission EWs
well in excess of the underlying photospheric absorption line;
Rivinius et al. 1998; Neiner et al. 2011; Draper et al. 2014).
Our selection criteria, for example, would recover ∼87% of
the 76 star sample of Be stars spanning a range of spectral
sub-types, based on single to few epoch Hα EWs presented in
Slettebak et al. (1992); Mennickent et al. (1994); Silaj (2014).
We confirmed this is also true for many Be shell stars (Riv-
inius et al. 2006), despite the fact that their Hα profiles are
depressed by narrow central absorption components (Neiner
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Figure 7. A representative 2-CD for our B5V spectral type
sources, from 1 epoch of a pointing. The description of the
data presentation is the same as in Figure 4.
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Figure 8. A representative 2-CD for our B8V spectral type
sources, from 1 epoch of a pointing. The description of the
data presentation is the same as in Figure 4.
et al. 2011; Draper et al. 2014). An exception is the subset
of shell stars with particularly weak disks, where the net Hα
EW becomes dominated by the underlying photospheric ab-
sorption line. Even classical Be stars experiencing an active
disk dissipation episode often retain Hα EWs above our de-
tection criteria, until the end stages of their disk loss (see e.g.
the cases of 60 Cyg and pi Aqr, Wisniewski et al. 2010). By
contrast, the early stages of disk re-building episodes as well
as the weakest Be disks are often characterized by Hα EWs
at or below filled-in photospheric absorption levels (EW = 0;
dashed blue line in Figures 4 - 8, e.g. Wisniewski et al. 2010;
Grundstrom et al. 2011; Neiner et al. 2011), and so would
likely not be detected by our selection criteria.
3.3. M31’s Total Be Star Population
Our methodology identified 552 Be stars out of 8981 (B +
Be) stars in epoch 1, and 542 Be stars out of 9098 (B + Be)
7Table 3. Summary of # Be / (# Be + # normal B) Stars
Pointing Epoch 1 Be Fraction ±1σ Epoch 2 Be Fraction ±1σ
4 5.39%±0.42% 5.69%±0.43%
5 5.25%±0.40% 5.45%±0.40%
6 7.76%±0.48% 6.76%±0.46%
Overall 6.15%±0.26% 5.96%±0.25%
NOTE—This table summarizes the fraction of Be stars (# Be / (# Be
+ # normal B)) stars detected in each epoch for pointings 4-6, along
with -σ uncertainties. Note that pointings 1-3 are excluded from the
overall fractions compiled in this table.
stars in epoch 2. The resultant Be fraction (# Be / (# normal
B + # Be)) for each pointing is shown in Table 3, and is bro-
ken down as a function of spectral sub-type in Table 4. We
note that pointings 1-3, obtained from the WFC3 camera (see
Section 2.1), are excluded from these statistical analyses for
the remainder of the paper, as the filter utilized (F658N) only
sampled the wing of the Hα, therefore biasing us against ro-
bustly detecting weaker disk signals. We provide comprehen-
sive information about each normal B-type star and classical
Be star in the catalog in Table 8.
The overall average # Be / (# normal B + # Be) stars (in
pointings 4-6) is ∼6%, with no statistically significant differ-
ence between epoch 1 (6.15% ±0.26%) and epoch 2 (5.96%
±0.25%). These overall Be fractions are strongly impacted by
the larger number of later spectral type sources we detect, as
seen in Table 4 and Figure 9. In particular, Figure 9 illustrates
the clear trend of the Be fraction as a function of spectral type.
The Be fraction is largest for B0-type stars and progressively
decreases for later sub-types.
We caution that our detection rates as a function of spec-
tral type in Table 4 and Figure 9 are likely subject to several
biases. The total main sequence B-type star population (i.e.
column 4 in Table 4) exhibits incompleteness based on ex-
pectations from an initial mass function (IMF). Assuming no
incompleteness at the B0 sub-class and adopting a Kroupa
IMF (Kroupa 2001), our B-type star population is incomplete
by a factor of 1.2x (B1), 1.6x (B3), 2.1x (B5), and 6.3x (B8).
Of course if this incompleteness affects our recovery of Be
stars at the same rate it does normal B-type stars, the frac-
tional Be content we nominally derive in Table 4 and Fig-
ure 9 would remain unchanged. We also note that the larger
(F625W−F658N) photometric errors present for later spectral
sub-types acts as another factor that biases us against detect-
ing weaker disk systems in later spectral sub-types. Since we
do not a priori know the intrinsic prevalence of strong versus
weaker disk systems as a function of spectral sub-type, we do
not quantify an upper limit to our quoted Be fractions owing
to this systematic.
3.4. Variability in M31’s Be Star Population
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Figure 9. The # Be / (# normal B + # Be) fraction as a function
of spectral type, as compiled from Table 4, is shown. Note
that the black error bars represent the 1σ interval and the blue
shading represents the 3σ interval.
The wide (year-long) time baseline of our 2 epochs of ob-
servations allow us to assess the statistical prevalence of disk-
loss and disk-renewal episodes, albeit the poor temporal sam-
pling limits our ability to constrain the detailed time-scale
of these events. Because of the circumstellar disk’s Hα-
emitting properties, large changes in the size of these disks
will cause sources to significantly move in 2-CDs. We classi-
fied a Be star as exhibiting a disk-loss or disk-renewal event
if it was determined to be a Be star in one epoch and its
(F625W−F658N) color was at or bluer than the expected
value for a normal B-type star for the other, and vice-versa.
We show the evolution of such disk-loss and disk-renewal
events in 2-CD space for B0V-type stars in Figure 10. Fol-
lowing McSwain et al. (2009), we define the percentage, p, of
transient Be stars, as the ratio of Be stars that exhibit either
disk-loss or disk-renewal events, nBetrans, relative to the total
number of Be stars, nBetotal :
p =
nBetrans
nBetotal
(1)
We also define the error in this percentage to be:
σp =
√
p(1− p)
nBetotal
(2)
∼13% of our sample exhibited a disk-loss event while ∼10%
of our sample exhibited a disk-renewal event (Table 5). ∼77%
of our sample maintained their status of having a disk at some
level through the 1-year baseline of our data. As seen in Fig-
ure 10 for our B0-type stars, such non-transient systems still
exhibited evidence of variability in their Hα emission. Note
that the total # of Be stars reported in both epochs in Table 5
is lower than the number reported in epoch # 1 or # 2 in Table
4 as some sources had too low SNR to be meet our source
catalog requirements in one of two epochs.
3.5. Cluster Versus Field Be Stars
8Table 4. Summary of # Be / (# Be + # normal B) stars as a function of spectral type
Epoch Spectral Type # Be Stars (# normal B + # Be Stars) Be Fraction ±1σ
1 B0V 106 450 23.56%±2.00%
1 B1V 163 1148 14.20%±1.03%
1 B3V 112 1981 5.65%±0.52%
1 B5V 91 2840 3.20%±0.33%
1 B8V 80 2562 3.12%±0.34%
1 Overall 552 8981 6.15%±0.26%
2 B0V 107 448 23.88%±2.01%
2 B1V 159 1152 13.80%±1.01%
2 B3V 119 1965 6.06%±0.54%
2 B5V 68 2895 2.35%±0.28%
2 B8V 89 2638 3.37%±0.35%
2 Overall 542 9098 5.96%±0.25%
NOTE—Be Star fractions for epochs 1 and 2, using pointings 4-6 combined.
Figure 10. A plot of the variability of B0V stars in our dataset. The left hand panel shows how stars that exhibited disk-loss or
disk-renewal events (transient Be stars) evolved between the first and second epoch. The right hand plot depicts the variability
that stable B and stable Be stars exhibited between the two epochs of observations.
Ascertaining whether our source catalog of stars belong
to distinct clusters or a general field population is of inter-
est as the uniform age of cluster members can allow one to
assess how the Be phenomenon evolves with a star’s frac-
tional main sequence lifetime. We matched our source cat-
alog against clusters identified by the citizen science-based
Andromeda Project and compiled in Johnson et al. (2015).
Specifically, we required our sources to be within the quoted
aperture radius for each cluster, Rap, as compiled in Johnson
et al. (2015).
Of the 8981 B + Be stars we detected in epoch 1, we clas-
sified 420 cluster stars in 85 unique clusters and 8561 as field
stars. We computed a corresponding fractional Be content
of 16.19±1.80% in cluster environments and a much smaller
9Table 5. Disk-loss and Disk-renewal episodes
Class # Maintained Disk # Disk-Loss # Disk Renewal Total # Be stars in both epochs p
B0V 80 9 9 98 18 ±4%
B1V 121 14 11 146 17 ±3%
B3V 79 12 15 106 25 ±4%
B5V 40 13 6 59 32 ±6%
B8V 32 9 2 43 26 ±7%
Total 352 57 43 452 22 ±2%
NOTE—A summary of the number of sources (both cluster and field) that gained or lost a disk through the 1-year duration of our observations.
The percentage of transient systems exhibiting disk-loss or disk-renewal, p, is also given.
fractional Be content of 5.65±0.25% in field environments
(Table 6). Our results from epoch 2 are consistent with those
found in epoch 1 to within errors. In epoch 2, of the 9098
B + Be stars, we classified 417 as cluster stars in 86 unique
clusters and 8681 as field stars, and computed a fractional Be
content of 14.39±1.72% in cluster environments and a much
smaller fractional Be content of 5.55±0.24% in field environ-
ments (Table 6). Be stars are located in 23 unique clusters
in epoch 1 and 27 unique clusters in epoch 2. We caution
that our photometry is likely incomplete or of worse quality
in the densest cluster environments, where source contamina-
tion from blends could be more detrimental.
The distribution of ages for our Be stars located in clus-
ters, adopted from the cluster ages determined and tabulated
by Johnson et al. (2016), is shown in Figure 11. We also com-
puted the fractional main sequence lifetime for each cluster
star, defined as the ratio of a star’s age to its main sequence
lifetime. This was done by assigning a mass to each inferred
spectral sub-type, taken from Table 1 of Silaj et al. (2014), and
adopting main sequence lifetimes for Solar metalicity stars,
assuming Ω / Ωcrit,initial = 0.8, from interpolating Table 2 of
Georgy, C. et al. (2013). The resultant distribution of our clus-
ter sample as a function of fractional main sequence lifetime is
shown in Figure 11. We remark that this methodology initially
assigned 12 of our sources with fractional main sequence life-
times exceeding 1, likely due to improper main sequence life-
time assignment related to the 1-2 spectral sub-type uncer-
tainty of our sample (Section 3.2), and were re-assigned frac-
tional main sequence lifetimes of 1. We further discuss and
interpret trends in these data in Section 4.2.
4. DISCUSSION
4.1. Variability
A remarkable aspect of the Be phenomenon is dramatic
episodes of complete disk-loss and disk-regeneration. Long-
term photometric, spectroscopic, and polarimetric studies
have suggested that complete dissipation of some disks oc-
curs over time-scales as long as one to several years (e.g.
Wisniewski et al. 2010; Carciofi et al. 2012), whereas par-
tial disk-growth episodes imprint a variety of clear observa-
tional signatures over timescales of days to months to years
(Rivinius et al. 1998; Grundstrom et al. 2011; Draper et al.
2014; Labadie-Bartz et al. 2017, 2018). Both observational
and theoretical studies have suggested that the disk dissipation
phase can last for ∼2x longer than the typical time-scale for
Table 6. Prevalence of Be stars in cluster versus field envi-
ronments
Epoch Location # Be stars # normal B stars Be fraction ±1σ
1 Field 484 8077 5.65%±0.25%
1 Cluster 68 352 16.19%±1.80%
2 Field 482 8199 5.55%±0.24%
2 Cluster 60 357 14.39%±1.72%
NOTE—The fractional Be content (# Be / (# normal B + # Be)) for
objects identified as likely belonging to cluster and field
environments is tabulated for both epochs of our observations.
disk build-up phases (Haubois et al. 2012; Vieira et al. 2017;
Labadie-Bartz et al. 2018). Since each observational band-
pass/diagnostic probes different physical regions within Be
disks (Haubois et al. 2012; Rivinius et al. 2013), it is impor-
tant to test this different disk growth versus dissipation time-
scale prediction of the viscous decretion disk model (Haubois
et al. 2012) with a variety of observational techniques.
These events plausibly represent epochs in which the ampli-
tude or efficacy of the disk driving mechanisms change. Diag-
nosing both the time-scale and frequency of such events there-
fore seems likely to elucidate the fundamental mechanism(s)
driving the phenomenon. Early studies of the frequency of
transient events were limited, based only on small samples of
Galactic clusters (e.g. 45 Be stars distributed across 7 clus-
ters; McSwain et al. 2008, 2009), revealing a wide dispersion
in the observed rate of transients spanning a wide range of
time-scales (0±18% - 75±22%, with a composite mean of 51
±7%; McSwain et al. 2009). Granada et al. (2018) charac-
terized the IR color variability and location in IR CMD and
2-CD space of a sample of Be stars in open clusters to infer
that ∼9-15% of their sample of Be stars had a dissipating or
small disk. Larger volume surveys have quantified that long-
term variations (LTVs) in the R-band occur over many years in
37% (81/217) of Be stars (Labadie-Bartz et al. 2017). How-
ever, LTVs are not classified on the strict basis of complete
dissipation of an observational signature of a disk or the re-
generation of a disk from a disk-less state, and include partial
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Figure 11. The ages of our epoch 1 Be stars located in cluster environments. The left panel shows the distribution of cluster Be
stars as a function of their fractional main sequence lifetime, defined as the ratio of a star’s age to its main sequence lifetime age,
whereas the right hand panel shows the distribution as a function of cluster age. Two cluster stars were omitted from this figure
as they lacked robust pre-existing age estimates.
dissipation and build-up events.
Our survey provides a significant statistical boost to pre-
vious studies of the frequency of transient events, i.e. a 10x
larger sample size than McSwain et al. (2009). Our sample in-
cludes both cluster and field stars, which differs from earlier
studies that focused solely on cluster populations (e.g. Mc-
Swain et al. 2009). We found 22 ± 2% (100/452 cluster and
field Be stars; Table 5) of Be stars experienced a disk-loss or
disk-renewal episode within 1 year, which is lower than the
composite mean of 51 ±7% (23/45 Be stars) reported by the
smaller McSwain et al. (2009) study, although these transient
rates do technically agree within 3σ of the quoted errors. The
rate of disk-loss episodes that we observe across our entire
sample (∼13%; Table 5) is similar to the fraction of dissipat-
ing or small disks inferred from the IR photometric study of
Granada et al. (2018). We do caution that Be stars have been
found to vary over periods of many years, and our one-year
survey may not have captured the full transition period for
many of these stars. Indeed, Figure 10 illustrates that many of
our non-transient sources exhibit variability, some of which
could be revealed to be the onset of transient events given
higher photometric accuracy and/or additional epochs of ob-
servations.
We note that the compilation of transient Be fractions from
McSwain et al. (2008, 2009) were computed from 4 years
(NGC 3766) and 2 years (Collinder 272, Jogg 16, IC 2581,
NGC 3293, NGC 4755, NGC 6231, NGC 6664) of observa-
tions, so it is not clear how much the different durations of
these surveys affect these statistical comparisons. If we make
the simple assumption that, to first order, the Be transient frac-
tion over several years scales linearly by a rate set by the dura-
tion of observations, the resultant yearly transient Be fractions
are remarkably consistent. Namely, the 22 ± 2% yr−1 we de-
termine from our present study is consistent with that derived
from NGC 3766 (17.3 ± 3% yr−1; McSwain et al. 2008) and
the remaining 6 clusters in McSwain et al. (2009) (20.5 ±
4.5%). Since the rate of disk-outburst events has been noted
to be more prevalent in early-type stars compared to mid-type
Be stars (Labadie-Bartz et al. 2018), it could be interesting to
further build up statistics on the rate of the transient Be frac-
tion as a function of spectral type, to see if a similar trend
emerges.
Finally, we remark that our detection of modestly more
disk-loss events (57; Table 5) compared to disk-renewal
events (43; Table 5) is unexpected given the duration of our
sample (1 year) and previous reports that the disk dissipation
phase can last for∼2x the typical time-scale for disk build-up
phases (Vieira et al. 2017; Labadie-Bartz et al. 2018). If disk
dissipation is a slow process, we would expect to preferen-
tially detect the more rapid disk renewal events, which is the
opposite of what we observe. We caution that our adoption of
conservative 2-CD criteria for the presence of a disk, requir-
ing a 3σ elevation above Hα photospheric levels, could be in-
troducing an observational bias in our data that mis-classifies
disks decreasing in mass as disk-loss events, and conversely
underestimates small-scale disk-renewal events.
4.2. Age Dependence of the Be Phenomenon
We explored how Be stars identified in cluster environments
depended on cluster age and fractional main sequence life-
times in Section 3.5. Interpreting trends in these data first
requires a discussion of the known limitations of our dataset.
Fundamentally, our analysis is enabled by characterization of
the fundamental stellar parameters of our dataset by use of the
BEAST Bayesian toolset. However, as noted in Section 3.2,
we do expect our spectral sub-typing to have uncertainties of
1-2 sub-types. We see likely byproducts of these uncertainties
in Figure 11. For example, the presence of early sub-type Be
stars in clusters >30 Myr old could imply these clusters have
experienced multiple episodes of star formation and/or be a
reflection that the spectral sub-types assigned to this popula-
tion are incorrect by 1-2 sub-types. Similarly, we noted in
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Figure 12. The fractional Be content of early-type (B0-B3)
stars is shown as a function of metallicity. We adopted metal-
licities (Z) of 0.030 (1.5x solar) for M31, Z = 0.020 for the
Milky Way, Z = 0.008 for the LMC, and Z = 0.004 for the
SMC. The LMC and SMC data are taken from Table 6 of
Wisniewski & Bjorkman (2006), which includes data from
Maeder et al. (1999), and Keller et al. (1999)
; we choose to omit several clusters with abnormally large samples
sizes that would otherwise bias our sample averages (e.g. NGC 371
in the SMC; NGC 1850 and NGC 2027 in the LMC). We did attempt
to include additional data (e.g. Martayan et al. 2007a), however dis-
crepancies in the available online data prevented uniform inclusion
of these data. Our MW data was obtained from McSwain & Gies
(2005b) and Wisniewski & Bjorkman (2006); we assigned spectral
sub-types to these data based on criteria compiled in Martayan et al.
(2010).
Section 3.5 that we re-assigned 12 cluster stars to have a frac-
tional main sequence lifetime of 1 (from > 1), which was
a likely byproduct of small mismatches in our spectral sub-
typing.
With these caveats in mind, we do see several interesting
trends appear in Figure 11. First, we observe a clear pop-
ulation of Be stars at early fractional main sequence life-
times. This supports the idea that a subset of classical Be stars
must emerge on the ZAMS as rapid rotators, as suggested
by Wisniewski et al. (2007). Although the enhancement in
the number of early-type Be stars observed at late fractional
main sequence lifetimes could support the idea that the Be
phenomenon is enhanced with evolutionary age (Fabregat &
Torrejón 2000; Martayan et al. 2010), we caution that we do
not have sufficient statistics with our existing M31 dataset to
uniformly sample how the frequency of early type Be stars
changes as a function of fractional main sequence lifetime.
4.3. Be Fraction and Metallicity
Many studies of Galactic, LMC, and SMC Be stars have
found that the fractional Be content of an environment is re-
lated inversely to its metallicity (Maeder et al. 1999; Wis-
niewski & Bjorkman 2006; Martayan et al. 2006, 2010; Iqbal
& Keller 2013a). The reported amplitude of this trend varies
substantially in the literature, likely due to differences in
completeness, filter systems, disparate stellar ages, and non-
uniform ranges of spectral types amongst the datasets. This
trend has been suggested to arise from differences in the av-
erage rotation rates of stars in these environments, with low
metallicity environments having a larger population of rapid
rotators (e.g. Maeder & Meynet 2000b, 2001; Martayan et al.
2007b). Since the present day metallicity of M31 is approxi-
mately 1.5x solar (Clayton et al. 2015), our dataset allows us
to explore this trend on an extended metallicity range.
The spectral-type dependence of the fractional Be content
has been extensively studied in the Galaxy, LMC, and SMC
(see e.g. Zorec & Briot 1997; McSwain & Gies 2005b; Wis-
niewski & Bjorkman 2006; Mathew et al. 2008a; Martayan
et al. 2010; Rivinius et al. 2013). Although the decrease in
percentage of Be stars with spectral type that we observed in
M31 (Figure 9) is generally consistent with that reported in
the literature in other environments, significant attention must
be paid to factors such as sample size, completeness, and the
methodology used to quantify Be stars in each study.
The number of single epoch Be stars we identified for statis-
tical analysis in our M31 sample (∼550 Be stars; Table 4), is
1.6x larger than the full Galactic sample used by McSwain &
Gies (2005b), 2.0x larger than the full Galactic sample used
by Mathew et al. (2008a), 1.7x larger than the slitless SMC
sample of Martayan et al. (2010), 1.2x larger than the photo-
metric SMC sample of Wisniewski & Bjorkman (2006), and
1.2x larger than the photometric LMC sample of Wisniewski
& Bjorkman (2006). However, despite our large sample size,
the total number of main-sequence B-type stars (# normal B
+ # Be) that we find as a function of spectral sub-type (Table
4) is flat through the mid to late B-type stars. This deviation
from that expected based on a nominal initial mass function
distribution indicates our M31 sample is incomplete at mid- to
late- spectral sub-types, similar to that reported for all SMC
and LMC studies (see e.g. Wisniewski & Bjorkman 2006;
Martayan et al. 2010).
If we limit the detailed comparison of our M31 results with
the literature to our earliest spectral sub-types, where com-
pleteness is less of an issue, we do find some interesting re-
sults. Figure 12 depicts the fractional Be content for early-
type (B0-B3) stars as a function of metallicity, using Galactic
Be star data from McSwain & Gies (2005b), LMC and SMC
Be star data from Wisniewski & Bjorkman (2006), Maeder
et al. (1999), and Keller et al. (1999), and M31 Be star data
from the present study. The fractional Be content we observe
in M31 is lower than that observed in the SMC or LMC, in
agreement with metallicity trends previously noted in the lit-
erature (Maeder et al. 1999; Wisniewski & Bjorkman 2006;
Martayan et al. 2006, 2010; Iqbal & Keller 2013a). While Be
stars are more prevalent in the SMC than M31 for the earli-
est sub-types by a factor of 2.8x, this ratio is still lower than
the 3-5x enhancement between the SMC and Milky Way re-
ported by Martayan et al. (2010). By contrast, our data indi-
cate no clear change in the frequency of early-type Be stars in
M31 and Milky Way, despite their different metallicity. Since
the current star formation rate of M31 is lower than that of
the Milky Way (Yin et al. 2009; Robitaille & Whitney 2010;
Lewis et al. 2015a), it is possible that our results are a re-
flection that the Be phenomenon is enhanced by evolutionary
age as stars progress through their main sequence evolution-
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4.4. Comparison with Previous M31 Studies
The SPLASH survey (Dorman et al. 2012) conducted a
Keck II/DEIMOS optical spectroscopic survey of ∼5000 iso-
lated stars in M31, including regions observed by the PHAT
survey. The SPLASH survey took into account the amount
of crowding present during targeting, to reduce the role of
nearby neighbor contamination, and targeted sources brighter
than F814W = 22 or F475W = 24 (Prichard et al. 2017). The
survey identified a total of 146 main sequence Be stars that
overlapped with the PHAT footprint, and determined a net
fraction Be content (# Be / (# normal B + # Be)) of ∼ 12%
(Prichard et al. 2017).
We identified a total of 14 emission line stars in the
SPLASH Hα emission survey that overlapped with our HST
footprint. These include 10 stars classified as Be stars, 2
classified as RHeB, 1 classified as AGB, and 1 classified as
T-MS (Figure 13). SPLASH utilized 0.′′8 wide slitlets on
Keck/DEIMOS. To investigate the potential role of source
confusion and contamination in these spectra, we computed
the number of sources in our HST footprint that fell within the
Keck/DEIMOS aperture size for each of the 10 Be stars iden-
tified by Prichard et al. (2017) that fell within our FOV. We
found 24 HST-detected sources in total were present within
the Keck aperture for these 10 Be stars, and provide a sum-
mary of each of the HST-detected sources that fell within
these Keck/DEIMOS apertures in Table 7. Most of these
HST-detected sources had BEAST-derived stellar parameters
that were inconsistent with them being main sequence B-type
stars; 7 HST-detected sources had Te f f more consistent with
O-type stars and 14 HST-detected sources had Log(g) values
more consistent with post-main sequence giants. As seen in
Table 7, each SPLASH Be star was matched with one source
having a bright F475W magnitude, along with several less
luminous stars. It is therefore possible that the Hα EWs re-
ported by Prichard et al. (2017) have slightly elevated (or sup-
pressed) signal from these fainter neighbors, that could lead
to spurious detections of Be stars in the survey. We note that
none of the stars that we identified as Be stars in the analysis
of our HST data were matched with Be stars identified by the
SPLASH survey.
Given the clear dependence of the Be phenomenon as a
function of spectral sub-type that we see in our M31 sam-
ple (Figure 9 and Table 4) and the shallower depth of source
brightnesses probed by the SPLASH survey, we caution that
the global (spanning all spectral sub-types) M31 Be fraction
of ∼12% cited by Prichard et al. (2017) is strongly biased by
overweighting contributions from the earliest B sub-types.
On a broader context, we noted in Section 3.5 that our
HST survey also likely suffered from source confusion, es-
pecially in the densest cluster regions of M31. If the effects
of source confusion serves to produce a greater frequency of
false-positive detections of classical Be stars, as seems possi-
ble from our overlapping HST coverage of the SPLASH Hα
footprint, this would imply that the Be fractions we derive in
our study could be similarly affected by false-positive detec-
tions, especially in the densest stellar environments.
Figure 13. A plot of the RA and DEC of stars listed in the
SPLASH Hα survey as emission stars with stars in our point-
ings in black.
5. CONCLUSIONS
We have presented results from a 12-orbit, 2-epoch HST
Hα emission line survey of the Andromeda Galaxy that over-
lapped with the footprint of the HST/PHAT survey, focusing
on the classical Be star content of the Galaxy. ∼2 million
sources were detected in each epoch; after applying criteria
to isolate the classical Be star population in this sample, we
found:
• 552 (542) classical Be stars and 8429 (8556) normal
B-type stars were identified in epoch # 1 (epoch #
2). The overall fractional Be content (# Be / (# nor-
mal B + # Be)) we found was 6.15% ±0.26% (5.96%
±0.25%) in epoch # 1 (epoch # 2). These overall rates
are lower than that reported by the Keck II/DEIMOS-
based SPLASH survey (∼12%, Prichard et al. 2017).
We suggest this discrepancy arises from the selection
criteria for the SPLASH survey overweighting contri-
butions from the earliest B sub-type stars, which are
more likely to exhibit the Be phenomenon, as well as
potential source confusion in SPLASH.
• The fractional Be content decreased with spectral sub-
type from ∼23.6% ±2.0% (∼23.9% ±2.0%) for B0-
type stars to ∼3.1% ±0.26% (∼3.4% ±0.35%) for B8-
type stars in epoch # 1 (epoch # 2). We caution that
our later-type Be population likely suffers from incom-
pleteness.
• The fractional Be content we determine for B0-B3 type
stars in M31 is lower than that observed for the same
subset of spectral type objects in the SMC and LMC.
This provides confirmation that the fractional Be con-
tent in more metal rich environments (the Milky Way
and ∼1.5x Solar M31) is lower than that observed in
metal poor environments (LMC and SMC). We find that
Be stars are more prevalent in the SMC than M31 for
the earliest sub-types by a factor of 2.8x; this ratio is
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Table 7. Be Star Match Data
SPLASH Survey Index Pointing RA DEC F475W F625W−F658N Exceeds 3σ Expected F475W−F814W Temperature (K) Log(g)50 Log(g)84
20276 6 00:44:36.4 +41:25:19.5 19.37 0.22 Unknown 0.16 37103 3.62 3.72
20276 6 00:44:36.4 +41:25:19.2 23.80 0.32 True 2.04 23061 3.09 3.58
21673 6 00:44:34.4 +41:24:06.4 20.62 0.15 Unknown -0.07 42266 4.18 4.28
21673 6 00:44:34.4 +41:24:06.1 24.82 -0.06 False 0.62 9096 3.52 3.65
21673 6 00:44:34.4 +41:24:06.2 26.11 -0.14 False 1.62 13293 4.11 4.32
21673 6 00:44:34.4 +41:24:06.3 25.70 0.39 False 1.06 12244 3.99 4.21
21767 6 00:44:34.4 +41:25:28.8 19.75 0.97 Unknown 0.46 49538 3.99 4.10
21767 6 00:44:34.4 +41:25:28.8 19.75 0.86 Unknown 0.46 49538 3.99 4.10
22397 6 00:44:45.2 +41:26:33.8 21.31 0.28 True 0.53 29677 3.61 3.83
22397 6 00:44:45.1 +41:26:34.0 25.48 0.11 False 1.09 5385 2.69 2.89
22397 6 00:44:45.2 +41:26:33.6 25.05 -0.43 False 0.57 10796 3.74 3.95
22397 6 00:44:45.2 +41:26:33.6 25.72 0.45 False 1.52 4823 2.48 2.68
22675 4 00:45:38.3 +41:50:15.7 22.97 0.17 False 0.74 31634 4.11 4.24
22675 4 00:45:38.3 +41:50:15.7 26.56 -0.08 False 1.81 5360 2.69 2.89
22675 4 00:45:38.3 +41:50:15.9 26.44 0.28 False 1.75 4899 2.54 2.76
22760 2 00:44:32.2 +41:52:17.6 22.09 0.19 False 0.78 23175 3.41 3.60
22760 2 00:44:32.2 +41:52:17.3 26.29 — False 1.83 4913 2.55 2.77
22776 4 00:45:38.3 +41:52:28.5 21.03 0.14 Unknown 0.09 34252 4.00 4.12
22776 4 00:45:38.3 +41:52:28.1 25.95 -1.46 False 1.81 4946 2.50 2.67
22859 5 00:45:04.8 +41:53:59.3 21.09 0.84 Unknown 0.60 46804 4.08 4.25
22859 5 00:45:04.8 +41:53:59.0 26.34 -0.33 False 2.05 4717 2.42 2.60
23050 5 00:44:53.1 +41:55:32.4 20.98 0.21 Unknown 0.58 38616 3.88 4.08
23073 5 00:44:56.7 +41:55:54.9 22.85 0.41 True 0.15 15174 3.59 3.70
23073 5 00:44:56.7 +41:55:54.9 26.24 0.00 False 1.86 5938 2.72 2.97
NOTE—Shows the relevant data for the stars within the aperture radius of stars in the SPLASH survey. Log(g)x is the x’th percentile of the
Log(g) posterior probability distribution and "Exceeds 3σ Expected" denotes whether the star meets the emission line criteria outlined in
Section 3. Some stars in our survey are assigned identical RA/DEC coordinates due source confusion in the PHAT catalog.
Table 8. Source Catalog
Pointing Epoch Index RA DEC F475W F625W F658N F814W Log(T)e f f Log(g)50 Log(g)84 Cluster Be Star? Spec Type Var?
1 1 1907281 11.369 41.785 21.309±0.003 21.242±0.008 21.284±0.042 21.175±0.004 4.505 3.949 4.104 0 False B0V BSTAR
1 1 1022497 11.371 41.76 21.733±0.004 21.361±0.008 21.567±0.043 21.248±0.005 4.496 3.827 3.983 0 False B0V BSTAR
1 1 1907276 11.383 41.774 21.244±0.003 21.170±0.008 21.135±0.032 21.078±0.004 4.396 3.562 3.781 0 False B1V BSTAR
... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
NOTE—A summary of all sources detected in each of our pointings for both epochs, including their index numbers, RA, and Dec as tabulated
in Williams et al. (2014). Note that the full version of this Table is available in the online version of this manuscript. Photometry from our
observations, along with broad-band photometry from the PHAT survey as compiled in Williams et al. (2014) are provided for each source.
All photometry errors are cited at the 1-σ level. The quoted Te f f and Log(g) values were computed via the BEAST, where Log(g)x is the x’th
percentile of the Log(g) posterior probability distribution (Gordon et al. 2016a). The Cluster column indicates our best estimate for cluster
membership, with 0 denoting a field star and other numbers denoting the cluster ID from Johnson et al. (2015). The Be Star? column
quantifies whether we have determined the star is a classical Be star, using simple “T(rue)” and “F(alse)” descriptors. The Spec Type
column provides our best estimate for the spectral type of the star based on its Te f f . The Var? column denotes whether the star exhibited
variability between epochs. The descriptor “MAIN” denotes a star that maintained its disk between epochs, “LOST” denotes a star that
experienced a disk-loss episode, “GAIN” denotes a star that experienced a disk-renewal episode, “BSTAR” denotes stars that were normal
B-type stars in both epochs, and “UNKWN” is a star that was detected in only one of the epochs.
lower than the 3-5x enhancement between the SMC and
Milky Way reported by Martayan et al. (2010).
• We observe a clear population of Be stars in cluster en-
vironments at early fractional main sequence lifetimes.
This supports the idea that a subset of classical Be stars
emerge onto the ZAMS as rapid rotators. Since M31
has a lower star formation rate compared to the Milky
Way, the lack of an observed change in the frequency of
early-type Be stars between these two galaxies, despite
their 1.5x metallicity difference, may reflect that the Be
phenomenon is also enhanced by evolutionary age.
• 22% ± 2% of our sample exhibited evidence of either
a disk-loss or disk-regeneration episode in the ∼1 year
interval between our two epochs of observations. If we
assume that the Be transient fraction over time-scales
of several years scales linearly by a rate set by the du-
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ration of observations, the 22 ± 2% yr−1 transient rate
we observe in M31 is consistent with that derived from
NGC 3766 (17.3 ± 3% yr−1; McSwain et al. 2008)
and the remaining 6 clusters in McSwain et al. (2009)
(20.5 ± 4.5%). We observed a similar number of disk-
loss events (57) as disk-renewal events (43), which was
unexpected as disk dissipation time-scales can be ∼2x
the typical time-scales for disk build-up phases (Vieira
et al. 2017; Labadie-Bartz et al. 2018).
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by NSF-AST 1412110. This work has made use of the
BeSS database, operated at LESIA, Observatoire de Meudon,
France: http://basebe.obspm.fr
Software: DOLPHOT (Dolphin 2000), pysynphot
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2016a), matplotlib (Hunter 2007), scipy (Virtanen
et al. 2019)
REFERENCES
Avenhaus, H., Schmid, H. M., & Meyer, M. R. 2012, A&A, 548, A105
Baade, D., Rivinius, T., Pigulski, A., et al. 2016a, A&A, 588, A56
—. 2016b, A&A, 588, A56
Baade, D., Pigulski, A., Rivinius, T., et al. 2018, A&A, 610, A70
Beerman, L., Dalcanton, J., Schruba, A., et al. 2015, in American
Astronomical Society Meeting Abstracts, Vol. 225, American
Astronomical Society Meeting Abstracts, 210.02
Bjorkman, J. E., & Cassinelli, J. P. 1993, ApJ, 409, 429
Brown, J. C., Cassinelli, J. P., & Maheswaran, M. 2008, ApJ, 688, 1320
Carciofi, A. C., Bjorkman, J. E., Otero, S. A., et al. 2012, ApJLetters, 744,
L15
Carciofi, A. C., Miroshnichenko, A. S., Kusakin, A. V., et al. 2006, ApJ,
652, 1617
Cassinelli, J. P., Brown, J. C., Maheswaran, M., Miller, N. A., & Telfer,
D. C. 2002, ApJ, 578, 951
Castelli, F., & Kurucz, R. L. 2004, ArXiv Astrophysics e-prints,
astro-ph/0405087
Clayton, G. C., Gordon, K. D., Bianchi, L. C., et al. 2015, ApJ, 815, 14
Cox, C., & Lallo, M. 2012, in Space Telescopes and Instrumentation 2012:
Optical, Infrared, and Millimeter Wave. Proceedings of the SPIE, Volume
8442, article id. 844237, 7 pp. (2012)., Vol. 8442
Dalcanton, J. J., Williams, B. F., Lang, D., et al. 2012a, ApJS, 200, 18
—. 2012b, ApJS, 200, 18
Dolphin, A. E. 2000, PASP, 112, 1383
Dorman, C. E., Guhathakurta, P., Fardal, M. A., et al. 2012, ApJ, 752, 147
Draper, Z. H., Wisniewski, J. P., Bjorkman, K. S., et al. 2014, ApJ, 786, 120
Dressel, L. 2012, Breathing, Position Drift, and PSF Variations on the UVIS
Detector, Tech. rep.
Fabregat, J., & Torrejón, J. M. 2000, A&A, 357, 451
Georgy, C., Ekström, S., Granada, A., et al. 2013, A&A, 553, A24
Gordon, K. D., Fouesneau, M., Arab, H., et al. 2016a, ApJ, 826, 104
—. 2016b, ApJ, 826, 104
Granada, A., Jones, C. E., Sigut, T. A. A., et al. 2018, AJ, 155, 50
Grebel, E. K., Richtler, T., & de Boer, K. S. 1992, A&A, 254, L5
Grundstrom, E. D., McSwain, M. V., Aragona, C., et al. 2011, Bulletin de la
Societe Royale des Sciences de Liege, 80, 371
Haubois, X., Carciofi, A. C., Rivinius, T., Okazaki, A. T., & Bjorkman, J. E.
2012, ApJ, 756, 156
Hummel, W., & Vrancken, M. 2000, A&A, 359, 1075
Hunter, J. D. 2007, Computing in Science & Engineering, 9, 90
Iqbal, S., & Keller, S. C. 2013a, MNRAS, 435, 3103
—. 2013b, MNRAS, 435, 3103
Jaschek, M., Slettebak, A., & Jaschek, C. 1981a, Be star terminology., Be
Star Newsletter
—. 1981b, Be star terminology., Be Star Newsletter
Johnson, L. C., Seth, A. C., Dalcanton, J. J., et al. 2015, ApJ, 802, 127
—. 2016, VizieR Online Data Catalog, 182
Keller, S. C., Wood, P. R., & Bessell, M. S. 1999, A&AS, 134, 489
Krist, J. E., Hook, R. N., & Stoehr, F. 2011, in Proc. SPIE, Vol. 8127,
Optical Modeling and Performance Predictions V, 81270J
Kriz, S., & Harmanec, P. 1975, Bulletin of the Astronomical Institutes of
Czechoslovakia, 26, 65
Kroupa, P. 2001, MNRAS, 322, 231
Labadie-Bartz, J., Pepper, J., McSwain, M. V., et al. 2017, AJ, 153, 252
Labadie-Bartz, J., Chojnowski, S. D., Whelan, D. G., et al. 2018, AJ, 155, 53
Lee, U., Osaki, Y., & Saio, H. 1991, MNRAS, 250, 432
Lewis, A. R., Dolphin, A. E., Dalcanton, J. J., et al. 2015a, ApJ, 805, 183
—. 2015b, ApJ, 805, 183
Maeder, A., Grebel, E. K., & Mermilliod, J.-C. 1999, A&A, 346, 459
Maeder, A., & Meynet, G. 2000a, A&A, 361, 159
—. 2000b, ARA&A, 38, 143
—. 2001, A&A, 373, 555
Martayan, C., Baade, D., & Fabregat, J. 2010, A&A, 509, A11
Martayan, C., Floquet, M., Hubert, A. M., et al. 2007a, A&A, 472, 577
15
Martayan, C., Frémat, Y., Hubert, A.-M., et al. 2006, A&A, 452, 273
—. 2007b, A&A, 462, 683
Mathew, B., Subramaniam, A., & Bhatt, B. C. 2008a, MNRAS, 388, 1879
—. 2008b, MNRAS, 388, 1879
McSwain, M. V., & Gies, D. R. 2005a, ApJ, 622, 1052
—. 2005b, ApJS, 161, 118
McSwain, M. V., Huang, W., & Gies, D. R. 2009, ApJ, 700, 1216
McSwain, M. V., Huang, W., Gies, D. R., Grundstrom, E. D., & Townsend,
R. H. D. 2008, ApJ, 672, 590
Meilland, A., Stee, P., Vannier, M., et al. 2007, A&A, 464, 59
Mennickent, R. E., Vogt, N., Barrera, L. H., Covarrubias, R., & Ramirez, A.
1994, A&AS, 106, 427
Meynet, G., & Maeder, A. 2000, A&A, 361, 101
Neiner, C., de Batz, B., Cochard, F., et al. 2011, The Astronomical Journal,
142, 149
Neiner, C., Hubert, A.-M., Floquet, M., et al. 2002, A&A, 388, 899
Neiner, C., Floquet, M., Samadi, R., et al. 2012, A&A, 546, A47
Porter, J. M., & Rivinius, T. 2003, PASP, 115, 1153
Prichard, L. J., Guhathakurta, P., Hamren, K. M., et al. 2017, MNRAS, 465,
4180
Rivinius, T., Baade, D., Stefl, S., et al. 1998, A&A, 333, 125
Rivinius, T., Baade, D., & Štefl, S. 2003, A&A, 411, 229
Rivinius, T., Baade, D., Štefl, S., et al. 2001, A&A, 369, 1058
Rivinius, T., Carciofi, A. C., & Martayan, C. 2013, A&A Rev., 21, 69
Rivinius, T., Štefl, S., & Baade, D. 2006, A&A, 459, 137
Robitaille, T. P., & Whitney, B. A. 2010, ApJLetters, 710, L11
Rogers, T. M., Lin, D. N. C., McElwaine, J. N., & Lau, H. H. B. 2013, ApJ,
772, 21
Silaj, J., Jones, C. E., Sigut, T. A. A., & Tycner, C. 2014, The Astrophysical
Journal, 795, 82
Silaj, J. M. 2014, PhD Thesis, University of Western Ontario
Slettebak, A., Collins, George W., I., & Truax, R. 1992, ApJS, 81, 335
Struve, O. 1931, ApJ, 73, 94
STScI Development Team. 2013, pysynphot: Synthetic photometry software
package
ud-Doula, A., Owocki, S. P., & Kee, N. D. 2018, MNRAS, 478, 3049
Ud-Doula, A., Owocki, S. P., & Townsend, R. H. D. 2008, MNRAS, 385, 97
Underhill, A. B., Divan, L., Prevot-Burnichon, M.-L., & Doazan, V. 1979,
MNRAS, 189, 601
Veyette, M. J., Williams, B. F., Dalcanton, J. J., et al. 2014, ApJ, 792, 121
Vieira, R. G., Carciofi, A. C., Bjorkman, J. E., et al. 2017, MNRAS, 464,
3071
Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2019, arXiv e-prints,
arXiv:1907.10121
Wade, G. A., Petit, V., Grunhut, J., & Neiner, C. 2014, ArXiv e-prints,
arXiv:1411.6165 [astro-ph.SR]
Westerlund, B. E. 1997, Cambridge Astrophysics Series, 29
Wheelwright, H. E., Bjorkman, J. E., Oudmaijer, R. D., et al. 2012,
MNRAS, 423, L11
Williams, B. F., Olsen, K., Khan, R., Pirone, D., & Rosema, K. 2018, ApJS,
236, 4
Williams, B. F., Lang, D., Dalcanton, J. J., et al. 2014, ApJS, 215, 9
Wisniewski, J. P., & Bjorkman, K. S. 2006, ApJ, 652, 458
Wisniewski, J. P., Bjorkman, K. S., Magalhães, A. M., et al. 2007, ApJ, 671,
2040
Wisniewski, J. P., Draper, Z. H., Bjorkman, K. S., et al. 2010, ApJ, 709, 1306
Yin, J., Hou, J. L., Prantzos, N., et al. 2009, A&A, 505, 497
Zorec, J., & Briot, D. 1997, A&A, 318, 443
APPENDIX
A. FOCUS-INDUCED SYSTEMATICS
During our basic assessment of the quality of our pipeline photometry products, we noted a −0.1 magnitude offset between
epochs in our F625W photometry of pointings 2, 3, 5, and 6. No such offset were seen in our F658N data, or between epochs
for pointings 1 and 4. Moreover, we observed clear variations in the shape of the PSF from epoch-to-epoch difference images.
This suggests that the photometric offsets we observe are due to HST focus variations that are not otherwise accounted for in
our photometry. It is well known that HST experiences "breathing" over the course of an orbit, causing the distance between the
primary and secondary mirror (the "despace") to vary on the order of±5 µm from nominal. This causes corresponding variations
in the PSF; when the secondary mirror position is off-nominal (i.e., has a nonzero despace value), light is proportionally less
concentrated in the core of the PSF and more concentrated in the first and second Airy rings. Dressel (2012) demonstrated that
for WFC3/UVIS F420M the fraction of encircled energy within a 0.′′15 aperture decreases by over 20% going from nominal to
+5 micron despace.
In most scenarios, any PSF variation induced by focus is not the dominant systematic in HST photometry; most long exposures
(> ∼2000 seconds) and co-adds of multiple short exposures are likely to sample the short-term focus variation adequately, and if
one uses empirically determined PSFs for photometry or TinyTim (Krist et al. 2011) PSFs at correct focus values, then the effects
of focus will most likely be accounted for to within photometric error. As our photometry uses a single model PSF at nominal
focus (see e.g. Williams et al. 2014), we are sensitive to focus-induced systematics. It is also worth noting that the focus model
shows moderate deviation from measured focus values, and that there are other factors affecting focus that are not accounted for
by the model (van Gorkom 2016, private communication); however, for our purposes we are satisfied that the focus deviations
predicted by the model account for the photometric offsets we observe.
We measured the focus for each individual exposure using the HST focus tool1, which implements the focus model described
in Cox & Lallo (2012). For our epoch 1 data, we found a despace value close to nominal for pointings 2, 3, 5, and 6, and between
3-4 microns for pointings 1 and 4. For our epoch 2 data, all pointings had despace values between 3-4 microns. To correct
our data for this constant offset and ensure the same relative flux calibration is present across our entire dataset, we therefore
subtracted 0.1 magnitudes from pointings 1 and 4 in epoch 1 and pointings 1-6 in epoch 2.
1 http://focustool.stsci.edu/cgi-bin/control.py
